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I.   INTRODUCTION 

A.   COAST  GUARD  INTEREST  IN  EL 

The  United  States  Coast  Guard's  responsibilities  in  the  area  of 
maritime  aids-to-navigation  are  defined  in  Title  14,  U.S.  Code.  This 
nation  enjoys  an  exemplary  maritime  commercial  accident  record  partly 
due  to  a  well  maintained,  functional  aids-to-navigation  system.  The 
principal  component  of  this  system  is  the  lighted  aid  which  exists  in 
many  forms,  from  the  wind  and  wave  buffetted  buoy  to  the  massive  light- 
house. Though  these  lighted  aids  are  very  different  in  their  design, 
function,  and  use,  nearly  all  share  a  common  ingredient.  That  common 
ingredient  is  the  incandescent  light  source.  Incandescent  sources  are 
widely  used  for  a  number  of  reasons:  (a)  low  cost;  (b)  installation 
ease;  (c)  dependability;  (d)  well  known  operating  capabilities,  and  (e) 
lack  of  suitable  alternative.  Despite  these  advantages,  incandescent 
sources  are   not  without  fault.   Imagine  the  following  scenario. 

At  2.  a.m.  a  Coast  Guard  duty  officer  is  informed  by  a  vessel  pilot 
via  radio  that  a  certain  range  light  is  entinguished.  The  duty  officer 
then  notifies  appropriate  response  personnel  of  the  discrepancy.  The  two 
or  three  response  personnel  report  to  the  pier,  gather  the  needed  equip- 
ment and  get  underway  in  a  small  boat.  The  transit  time  may  be  well 
over  two  hours.  On  scene,  the  response  team  discovers  that  the  light 
has  been  vandalized  with  firearms  and  repair  takes  about  one  hour. 
Total  time  for  this  critical  range  light  to  be  extinguished  is  four 
hours.   When  this  is  combined  with  foul  weather  and  a  fatigued  master 
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who  is  unfamiliar  with  the  passage,  the  potential  for  disaster  is 
readily  apparent.  Besides  catastrophic  failure,  there  are  other  pro- 
blems with  incandescent  sources  which  warrant  a  search  for  a  suitable 
alternative.  This  alternative  should  be  rugged,  easy  to  maintain,  long 
lived,  inexpensive,  energy  efficient,  and  of  comparable  brightness  to 
standard  incandescent  sources.  In  short,  these  requirements  demand  a 
source  quite  unlike  anything  tried  before. 

The  generation  of  light  can  be  categorized  into  two  general  methods, 
incandescence  and  luminescence.  Incandescence  can  be  described  as  a 
molecular,  indirect  process  wherein  a  filament  is  heated  by  the  action 
of  an  applied  electrical  current  resulting  in  the  emission  of  photons. 
The  photon  emission  then  is  indirectly  related  to  the  applied  electrical 
energy. 

Luminescense,  however,  is  a  direct  process.  There  are  several 
categories  of  luminescence  including  photoluminescence,  cathodolumin- 
escence,  and  electroluminescence.  The  distinguishing  feature  of  each 
type  of  luminescence  is  the  excitation  mechanism.  In  electrolumin- 
escence (EL),  the  excitation  process  is  directly  accomplished  by 
application  of  electrical  energy.  Briefly,  EL  may  be  defined  as  the 
direct  conversion  of  electrical  energy  to  light. 

The  usefulness  of  EL  in  cockpit  lighting  schemes  has  already  been 
demonstrated  (Pieroway,  1981).  Whether  or  not  EL  has  a  useful  place  as 
a  supplement  to  or  a  replacement  for  the  currently  used  incandescent 
sources  as  aids-to-navigation  is  the  subject  of  this  thesis.  Before 
presenting  a  detailed  description  of  the  problem,  various  fundamentals 
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are  provided  as  review  to  aid  the  reader  in  gaining  an  appreciation  of 
the  various  aspects  of  the  problem  which  must  be  considered. 

B.  THE  PHYSICS  OF  INCANDESCENT  SOURCES 

A  review  of  incandescence  begins  with  the  discussion  of  a  blackbody 
radiator.  Two  quantities  are  important.  The  first  is  the  total  radiant 
power  emitted  and  the  second  is  the  distribution  of  this  power  with 
wavelength.  A  true  blackbody  is  one  that  absorbs  all  radiation  (of  all 
frequencies)  incident  upon  it.  A  true  blackbody  then  does  not  reflect 
but  it  does  emit  radiation  as  a  consequence  of  its  temperature.  A 
non-blackbody  at  a  temperature,  T,  will  absorb  a  fraction,  b,  of  the 
radiation  incident  upon  it.  The  amount  of  radiation  flux  subsequently 
emitted  by  the  non-blackbody  is  b  times  the  emission  of  a  true  blackbody, 
at  that  T,  where  absorptivity,  b,  equals  emissivity,  s,  at  thermal 
equi 1 ibrium. 

The  law  that  connects  the  total  radiant  energy  flux  from  a  blackbody 
to  the  temperature  of  that  body  is  the  Stefan-Bol tzmann  Law: 

M  =  aT*  (1) 

where  a  is  the  Stefan-Bol tzman  constant  with  the  value  5.670  x  10 

-?      -4 
W  M   K  .   Of  interest  here  is  how  the  energy  considered  in  the  Stetan- 

Boltzmann  relation  is  partitioned  among  the  possible  emitting  frequen- 
cies. Planck  proposed  what  is  now  known  as  the  Planck  theory  of  thermal 
radiation  given  by: 

M,(T)  =  (27TC  hA)  {[exp  (hcAkT)]}  -1   W  m'^  mM""^        (2) 

A 
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The  wavelength  distribution  of  the  emitted  thermal  radiation  for  a 
typical  tungsten  filament  lamp  (Cotton,  1951)  is  shown  in  Figure  1. 
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Figure  1.      Wavelength  Distribution  of  a  Typical    Tungsten   Lamp 
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Note  that  the  visible  portion  of  the  emitted  spectrum  is  relatively 
small.  Further,  the  power  delivered  in  that  portion  of  the  spectrum  is 
much  less  than  the  power  of  the  total  radiated  energy.  The  shaded 
portion  of  Figure  la  is  proportional  to  the  power  of  the  radiated  energy 
in  the  visible  portion  of  the  curve  while  the  total  area  under  the  curve 
is  proportional  to  the  total  power  of  all  the  radiated  energy.  The 
ratio  of  this  shaded  area  to  the  total  area  might  be  defined  as  the 
radiant  efficacy  of  the  source.  But  the  various  wavelengths  are  not 
equally  effective  in  producing  a  sensation  at  the  eye.  Hence,  when  the 
radiant  power  in  the  visible  spectrum  is  multiplied  by  the  relative 
luminosity  efficiency  factor  from  the  CIE  Standard  Observer  Curve,  a  new 
distribution  is  arrived  at.  The  shaded  portion  of  Figure  lb  illustrates 
the  light  output  perceived  by  the  observer.  The  ratio  of  this  shaded 
region  to  that  of  the  area  of  the  entire  curve  is  the  luminous  efficacy 
of  radiant  flux  expressed  as  lumens  per  radiated  watt  (Cotton,  1951). 

As  noted,  the  Planck  distribution  of  thermal  radiation  is  highly 
temperature  dependent.  A  filament  operating  at  3000  K  will  have  a 
different  distribution  than  a  filament  operating  at  2200  K.  This  is  why 
the  operating  voltage  of  a  lighted  aid  is  always  specified  when  dis- 
cussing its  output.   Refer  to  Figure  2  (Grum,  1971). 

Often  it  is  assumed  that  the  relative  spectral  distribution  of  an 
incandescent  source  is  equivalent  to  the  relative  spectral  distribution 
of  a  blackbody  operating  at  a  particular  temperature.  As  Figure  3 
depicts,  this  is  not  generally  the  case.  The  ratio  of  the  emittance  of 
the  non-blackbody  to  that  of  the  blackbody  is  known  as  the  (spectral) 
emissivity.  The  emissivity  may  vary  with  wavelength  and  temperature. 
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Figure  2.  Radiant  Exitance  of  a  Blackbody  as  a  Function 
of  Wavelength 
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It  is  often  of  interest  to  lighting  engineers  to  determine  the 
in-band  flux  density  (W/Cm^)  of  a  radiator.  For  example,  assuming  a 
tungsten  filament  operating  at  a  particular  temperature  closely  approxi- 
mates a  blackbody,  what  portion  of  its  radiant  flux  lies  in  the  visible 
region?  Programs  for  use  with  desk  top  calculators  are  available  for 
the  solution  of  this  problem  (Evans,  1978). 

C.   ELECTROLUMINESCENT  SOURCES 

EL  lighting  sources  can  be  divided  basically  into  four  categories 
(Lehmann,  1980):  (1)  AC  excited  powder  screens;  (2)  DC  excited  powder 
screens;  (3)  AC  excited  thin  film  screens,  and  (4)  DC  excited  thin  film 
screens.  Thin  film  electroluminescence  (TFEL)  has  enjoyed  vigorous 
research  efforts  in  the  last  five  to  ten  years.  Essentially,  the  thin 
film  device  (also  known  as  a  light  emitting  film  or  l.e.f.)  is  capacitor 
structured.  The  substrate  is  typically  indium- tin  oxide  coated  Corning 
glass.  The  transparent  conductor  is  then  followed  by  a  layer  of  Y2O3. 
The  next  layer  is  the  maganese  doped  ZnS  host  (ZnS:Mn)  followed  by 
another  layer  of  Y2O3  and  the  final  conduction  layer  (typically  alu- 
minum). The  vacuum  deposition  system  is  usually  microprocessor  con- 
trolled and  the  critical  film  thicknesses  are  laser  monitored.  Refer  to 
Figure  4. 

The  differences  between  the  newer  technology  TFEL  and  the  older 
powder  screen  EL  lamps  is  substantial.  TFEL  is  typically  brighter  (1000 
foot-lamberts  is  advertised)  and  has  higher  efficiency  at  high  bright- 
ness levels.  But  TFEL  is  also  heavier,  smaller,  less  rugged,  and  much 
more  expensive  than  the  powder  screen  technology.   TFEL  efforts  have 
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Figure  4.  Thin  Film  EL  Device 


been  concentrated  in  the  area  of  displays,  particularly  flat  panel  color 
television  matrix  displays  for  military  applications. 

The  AC  excited  powder  screens  (also  known  as  Destriau  type  or  thick 
film)  available  today  are  of  two  varieties,  ceramic  and  plastic.  This 
report  deals  with  the  more  common  plastic  type  powder  screen  as  shown  in 
Figure  5.  The  powder  screen  or  panel  consists  basically  of  a  thin 
uniform  layer  of  phosphor  (typically  ZnS:Cu)  embedded  in  a  dielectric 
and  sandwiched  between  two  electrodes.  The  flexible  panel  is  then 
coated  in  a  moisture  resistant  plastic  to  reduce  moisture  breakdown  and 
to  provide  rugged  packaging.  The  EL  devices  tested  in  this  investi- 
gation used  a  ZnS  phosphor  powder  and  were  the  plastic  type  of  panel. 
They  were  not  microencapsulated. 

Microencapsulation  is  a  relatively  new  process  (Alinikov,  1978) 
developed  to  protect  the  phosphor  from  moisture  hazard  as  well  as  heat 
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Figure  5.   Plastic  EL  Panel 


generated  by  the  phosphor,  particularly  at  high  voltage  and  high  fre- 
quencies. This  process  coats  the  phosphors  with  a  liquid  crystal 
mixture.  There  is,  unfortunately,  a  brightness  degradation  when  this 
process  is  used.  The  average  lamp  life  curve  for  these  panels  is  shown 
in  Figure  6  (EL  Products  Brochure). 

EL  brightness  varies  with  the  exciting  voltage,  frequency,  and  age 
as  well  as  other  factors  external  to  the  panel  itself.  Figure  7  (Grimes 
Division  brochure)  below  represents  typical  curves  for  constant  fre- 
quency and  constant  voltages. 

Two  models  are  presented  briefly  in  Appendix  A  to  explain  EL  emis- 
sion. The  complexities  involved  with  inhomogeneous ,  polycrystal 1 ine 
phosphor  particles  makes  verification  of  any  model  a  staggering  problem. 
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Figure  6.  Typical  Lamp  Life  Curves 


The  approach  to  designing  the  model  has  been  to  identify  the  different 
observable  aspects  of  the  emission  and  then  to  attempt  to  construct  a 
model  that  explains  what  is  observed.  The  exact  mechanism  is  still  in 
question.  This  lack  of  full  understanding  has  been  a  hindrance  in  the 
development  of  EL. 

D.   HUMAN  VISION  AND  PHOTOMETRY 

1.   Spectral  Luminous  Efficiency 

The  electromagnetic  spectrum  is  pictured  below  in  Figure  8.  Note 
that  the  visible  portion  of  the  spectrum  is  roughly  from  390  nm  to 
770  nm. 

The  various  wavelengths  in  this  range  are  not  equally  effective 
in  producing  visual  sensation  in  the  eye.  The  wavelength  effectiveness 
varies  somewhat  from  observer  to  observer.   Further,  the  wavelength 
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Figure  7.   Typical  EL  Output  as  a  Function  of  Voltage  and  Frequency: 
(a)  Constant  Frequency  (b)  Constant  Voltage 
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Figure  8.  The  Electromagnetic  Spectrum 


effectiveness  depends  on  whether  the  eye  is  a  photopic  (cone  vision/ 
daylight  conditions),  scotopic  (rod  vision/night  conditions),  or  mesopic 
(in  between)  state.  This  wavelength  dependence  is  known  as  the  spectral 
luminous  efficiency,  where  the  dimensionless  efficiency  factor  is  unity 
at  the  wavelength  of  maximum  luminous  efficacy.  Tabulated  values  for  a 
standard  observer  are  well  known  (lES  Lighting  Handbook,  1981).   Figure 

9  is  a  graphical  representation.   The  lower  threshold  for  photopic 

2 
vision  is  a  field  luminance  of  about  3  cd/m  ,  while  the  scotopic  upper 
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Figure  9.   Spectral  Luminous  Efficiency  for  the  Standard  Observer 


"5     2 
threshold  is  about  3  x  10   cd/m  .   In  the  mesopic  region  (in  between) 

the  spectral  luminous  efficiencies  gradually  shift  depending  on  whether 

the  field  luminance  is  nearer  the  scotopic  or  photopic  threshold. 

2.   Psychophysical  Aspects 

Some  relevant  general  conclusions  from  research  are    presented 

here. 

(1)  The  visual  system  doesn't  perform  as  well  at  very  low  contrast 
levels  (Stone,  1980). 

(2)  Smaller  contrast  differences  can  be  detected  with  higher  levels 
of  luminance  (Guth;  McNeil  is,  1968). 

(3)  A  small  lighted  square  such  as  an  EL  panel  will  appear  to  change 
in  brightness  if  another  source  of  different  brightness  is 
brought  close  to  it.  As  the  second  source  increases  in  lumin- 
ance, the  apparent  brightness  of  the  first  source  decreases 
(Diamond,  1953). 
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(4)  Different  visual  tasks  require  different  levels  of  illumination. 
A  recognition  task  requires  more  light  than  a  detection  task 
(Blackwell,  1952). 

(5)  Varying  the  size  of  retinal  image  is  similar  in  effect  to  vary- 
ing the  intensity  of  the  source  (Beitel,  1952). 

(6)  There  is  an  inverse  relationship  between  the  intensity  of  a 
light  source  and  its  area  required  to  yield  a  detection  thres- 
hold response.  The  intensity  threshold  decreases  to  a  limiting 
value  as  the  area  increases  (Graham,  1939). 

(8)  In  a  recognition  task  with  high  contrast,  ideal  viewing  con- 
ditions, and  knowledge  of  target  characteristics,  a  minimum 
visual  angle  of  12-20  minutes  of  arc  is  required  to  maintain 
constant  search  time  and  error  rate  (Steedman;  Baker,  1960). 

(9)  The  critical  visual  angle  is  the  maximum  angle  at  which  a  source 
may  be  regarded  as  a  point.  The  critical  angle  is  highly  depen- 
dent on  the  background  brightness  (Blackwell,  1946). 


3.   Visual  Acuity 

Visual  acuity  is  the  ability  to  discriminate  the  fine  details  of 
an  object.  It  is  often  expressed  as  the  reciprocal  of  the  visual  angle 
of  the  target  in  minutes  of  arc.  Some  factors  which  affect  visual 
acuity  are:  pupil  size,  source  intensity^  source  contrast,  observation 
time,  state  of  dark  adaptation,  and  source  or  eye  movement.  Visual 
acuity  depends  on  the  task.  A  recognition  task  places  higher  demands  on 
visual  acuity  than  a  detection  task.  In  a  detection  task,  intensity 
discrimination  is  the  basis  for  visual  acuity  (Graham,  1965).  Finally, 
visual  acuity  increases  with  increased  illumination. 

E.   CONTRAST  THEORY 

Contrast  detection  is  the  method  the  eye  uses  to  visually  distin- 
guish objects.  Generally,  the  greater  the  contrast,  the  more  easily  the 
object  will  be  seen.   The  apparent  luminance  of  a  source  is  governed  by 
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two  processes:  (1)  light  emitted  from  the  source  is  attenuated  by  the 
atmospere,  and  (2)  background  lighting  is  scattered  along  the  obser- 
vation path  to  the  observer.  The  defining  equation  for  contrast  is 
(Duntley,  1948): 

C  =  -^-^  (3) 

where  C  =  contrast;  L  =  the  luminance  of  the  object;  L'  =  the  background 
luminance. 

Consider  a  certain  sky  background  with  luminance  L' ,  and  let  there 
be  an  empty  dark  hole  in  this  sky.  The  amount  of  luminance  required  of 
a  source  placed  into  this  hole  to  cause  the  hole  to  "disappear"  (i.e., 
have  the  same  luminance  as  its  background)  will  be  L' .  But  since  there 
is  no  contrast  there  will  be  no  light  signal  perceived.  The  observer 
would  perceive  a  consistent  background  of  luminance  L'  and  thus  zero 
contrast.  The  zero  of  intensity  then  of  the  light  source  in  the  hole 
will  be  at  L'  (Middleton,  1952). 

Therefore,  the  defining  equation  for  the  intensity  of  the  source  is: 

I  =  (L  -  L')A  (4) 

where  I  =  intensity;  L  =  luminance  of  the  source;  A  =  area  of  the  source. 
Substituting  the  contrast  equation  into  the  intensity  equation: 

I  =  L'AC  (5) 

The  illuminance  is  the  amount  of  luminous  flux  per  unit  area  arriving  at 
the  detector.  The  illuminance  is  proportional  to  the  intensity  by  the 
inverse  square  law: 
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I  t'^ 

E  =  ^  (6) 


where  E  =  illuminance  in  lumens  per  unit  area 

T  =  transmissivity  of  atmosphere,  and 

R  =  distance  from  source  to  observer. 
After  substitution,  the  relation  between  the  illuminance  at  the  ob- 
server's eye  and  the  area  of  the  source  is: 


E  =  ii^  (7) 


The  size  of  a  source  may  be  expressed  in  terms  of  the  angle  it  sub- 
tends at  the  eye.  The  "critical  angle"  is  that  subtended  angle  which 
separates  point  sources  from  extended  sources.  Any  source  that  subtends 
an  angle  at  the  eye  less  than  the  critical  angle  may  be  considered  a 
point  source.  This  critical  angle,  however,  is  a  function  of  the  back- 
ground luminance  as  Figure  10  shows.  Ricco's  Law  states  that  the 
product  of  the  threshold  luminance  and  the  solid  angle  subtended  by  that 
source  is  a  constant.  Stated  another  way,  all  combinations  of  area  and 
contrast  that  have  the  same  pro.duct  are  equivalent  sources.  But  the 
apparent  contrast  is  reduced  by  the  atmospheric  absorption  and  scat- 
tering. Thus,  the  visible  range  of  a  source  may  be  predicted  only  if 
account  is  taken  of  the  atmospheric  contrast  reduction.  This  is  the 
purpose  of  nomographic  visibility  charts. 

The  connection  between  contrast  and  illuminance  is  straightforward. 
When  dealing  with  large  area  sources,  contrast  is  the  meaningful  quan- 
tity to  measure.   When  dealing  with  point  sources,  which  stimulate  the 
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Figure  10.  Critical  Angle  as  a  Function  of  Background  Luminance 


eye  only  in  proportion  to  their  intensity,  it  becomes  convenient  to 
consider  the  illuminance  produced  at  the  eye  by  the  source. 

F.   VISION  IN  THE  ATMOSPHERE 

The  topic  of  vision  in  the  atmosphere  is  an  extremely  complex  one 
and  therefore  only  the  fundamentals  will  be  touched  on  here.  There  are 
many  factors  which  affect  the  ability  of  one  to  see  in  the  atmosphere 
(Middleton,  1952): 

(1)  The  optical  properties  of  the  atmosphere,  such  as  transmis- 
sivity;  this  general  category  also  includes  meteorological  and 
oceanographic  variables; 

(2)  The  amount  and  distribution  of  the  light; 

(3)  The  characteristics  of  the  source  itself; 
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(4)  The  properties  of  the  eye,  and 

(5)  The  psychological  factors  affecting  the  observer. 

Absorption  and  scattering  are  the  primary  causes  of  atmospheric  light 
extinction.  Beyond  these,  atmospheric  turbulence  may  be  considered  to 
play  an  important  role.  A  turbulent  atmosphere  leads  to  erratic  inten- 
sity distributions  known  as  scintillation.  A  familiar  example  of  this 
effect  is  "twinkling  stars."  Scintillation  distortion  or  disruption  can 
be  crucial  to  truly  coherent  sources  such  as  laser  target  designators. 
But  this  can  also  be  important  for  the  incandescent  source  such  as  the 
aid-to-navigation  source.  At  near  threshold  levels  when  the  mariner 
isn't  even  sure  of  the  exact  location  of  the  source  he  is  trying  to 
detect,  this  optical  disruption  may  render  the  aid  undetectable. 

As  stated  above,  absorption  and  scattering  are  two  processes  which 
tend  to  extinguish  a  distant  source.  When  the  scattering  particle  is 
small  compared  to  the  transmitted  wavelength,  Rayleigh  scattering  re- 
sults. This  phenomenon  is  important  in  the  visible  region.  In  terms  of 
nearly  monochromatic  radiation,  Beer's  Law  indicates  that  the  intensity 
is  exponentially  attenuated: 

I(z)  =  1(0)  e"^^  (8) 

where  p  is  the  linear  extinction  coefficient  for  the  horizontal  path  of 
length  z  of  uniform  atmospheric  composition.  This  coefficient  is  the 
sum  of  absorption  and  scattering  effects.  Aerosol  and  molecular  scat- 
tering are  dominant  processes  in  the  visible  band.  The  ratio  I(z)/I(0) 
is  known  as  the  transmittance,  T,  of  the  path  length  z.  This  trans- 
mittance  is  a  function  of  the  wavelength. 
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Visibility  (or  meterological  range)  is  the  horizontal  distance  re- 
quired to  reduce  the  contrast  transmission  of  an  object  to  5%.  It 
should  be  noted  that  most  of  the  literature  defines  the  contrast  re- 
duction as  2%,  largely  due  to  historical  reasons.  The  current  inter- 
national standard,  however,  is  now  5%.  Thus, 

-aV 
.05  =  e  ^^  (9) 

and 

a  =   2.996/V  (10) 

where  a  is  the  average  attenuation  coefficient  for  the  visible  spectrum 
and  V  is  the  meterological  range.  Figure  11  (RCA,  1974)  indicates  the 
relation  between  the  extinction  coefficient  and  the  daylight  visibility 
range,  using  the  past  definition  of  .02  for  the  contrast. 

The  above  information  has  been  used  to  develop  useful  nomographic 
visibility  charts  using  parameters  such  as  contrast,  target  size, 
meterological  range,  and  target  distance  (Duntley,  1948). 

G.   STATEMENT  OF  THE  PROBLEM 

Approximately  99%  of  Coast  Guard  aids-to-navigation  light  sources 
are  incandescent  (USCG,  1971),  acting  as  point  sources.  There  are 
various  difficulties:  (a)  when  we  treat  the  light  as  one  narrow  beam  of 
photons  from  source  to  detector  (the  eye),  it  is  easy  to  see  how  atmo- 
spheric turbulence  might  deflect  the  beam,  causing  the  detector  to 
register  intermittently  or  not  at  all,  producing  scintillation.  A 
twinkling  or  flickering  source  isn't  a  fully  efficient  aid-to-navigation; 
(b)  Due  to  halo  effects,  incandescent  sources  may  look  larger  the 
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Figure  11.   Extinction  Coefficient  and  the  Visibility  Range 


further  away  that  they  are.  This  has  lead  to  depth  perception  problems; 
(c)  Also,  an  incandescent  source  emits  over  a  very  wide  band  with  most 
of  the  radiant  energy  delivered  to  the  infrared  portion  of  the  spectrum. 
But  the  most  serious  drawback  to  an  incandescent  source  is  (d)  catastro- 
phic failure.  When  the  tungsten  filament  breaks,  the  source  no  longer 
emits.  In  terms  of  aids-to-navigation,  this  is  critical.  All  buoy  and 
many  shore  based  systems  employ  back-up  systems.  In  the  case  of  buoys, 
when  a  lamp  fails  to  emit,  a  new  lamp  is  rotated  into  place  and  the  aid 
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continues  to  function.  Regular  service  intervals  by  aids-to-navigation 
personnel  then  replace  non-working  lamps  with  new  ones.  Some  systems, 
including  some  critical  range  lights,  do  not  have  back-up  sources. 
Typically,  when  such  an  aid  becomes  extinguished  it  remains  nonworking 
until  either  the  public  reports  the  malfunction  or  until  its  failure  is 
discovered  by  servicing  personnel  on  routine  checks.  The  time  for 
correction  of  the  discrepancy  can  range  from  minutes  to  several  hours. 

In  some  situations  an  EL  source  might  have  some  advantages:  (a)  At 
distances  where  an  incandescent  source  suffers  from  scintillation,  the 
EL  may  not.  This  is  particularly  true  if  the  distance  is  such  that 
advantage  may  be  taken  of  the  EL  source  area;  (b)  There  is  improved 
depth  perception  since  the  closer  an  EL  source  is  to  the  observer,  the 
larger  it  looks;  (c)  the  EL  emits  over  a  narrow  band  all  in  the  visible; 
(d)  Finally,  the  EL  panel  doesn't  suffer  from  catastrophic  failure. 

From  the  above,  the  possibility  of  employing  EL  sources  as  aids-to- 
navigation  should  be  investigated.  The  purpose  of  the  work  described  in 
this  thesis  is  twofold: 

(1)  To  collect  data  on  subjective  brightness  comparisons  between 
incandescent  sources  and  EL  sources  in  a  field  test  environment, 
and 

(2)  In  the  same  environment,  to  investigate  the  importance  of  the 
spatial  arrangement  of  lighted  EL  panels. 

H.  GOALS 

The  average  intensities  of  the  various  155  mm  standard  incandescent 
buoy  lantern  configurations  are  published  (USCG,  1972),  and  the  inten- 
sities for  the  various  EL  configurations  may  be  calculated.   The  first 
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goal  was  to  determine  if  the  EL  panels  are  actually  perceived  as  their 
intensities  indicate  that  they  should.  That  is,  when  the  incandescent 
source  and  the  EL  source  are  theoretically  of  the  same  intensity,  do  the 
observers  agree  that  the  sources  are  of  equal  brightness? 

The  second  goal  was  to  determine  if  the  various  EL  lighting  patterns 
are  statistically  perceived  as  different  in  brightness.  Is  it  better  to 
close  pack  EL  panels  or  separate  them  spatially  for  maximum  perceived 
brightness? 
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II.   METHODOLOGY 

A.  A  BRIEF  SUMMARY  OF  EXPERIMENTAL  SET  UP 

In  order  to  gain  information  on  how  the  electroluminescent  panels 
compared  in  brightness  to  standard  Coast  Guard  incandescent  sources,  a 
series  of  direct  comparison  observations  was  made.  A  large  EL  source 
was  fabricated  from  15  smaller  panels  and  set  up  143  feet  away  from  a 
standard  incandescent  155  mm  buoy  lantern  assembly.  Both  sources  were 
adjusted  to  direct  their  highest  intensity  at  the  observation  point,  1.3 
miles  distant.  The  observer,  viewing  the  sources  simultaneously,  was 
then  asked  to  decide  which  of  the  two  sources  was  brighter.  This 
portion  of  the  experiment  was  termed  the  "brightness  equivalence  test." 

In  the  second  portion  of  the  experiment,  the  buoy  lantern  assembly 
was  replaced  by  a  controllable  intensity  spotlight.  The  observer  was 
again  asked  to  observe  the  lights  simultaneously  and  render  a  judgement 
as  to  which  source,  if  either,  was  brighter.  For  this  part  of  the 
experiment,  only  eight  of  the  fifteen  EL  panels  were  lighted.  Various 
patterns  of  these  panels  were  then  compared  to  the  spotlight  source,  in 
an  attempt  to  determine  if  the  spatial  arrangement  of  the  EL  panels  had 
any  effect  on  the  perceived  brightness.  This  portion  of  the  experiment 
was  termed  the  "spatial  arrangement  test." 
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B.   REASONS  FOR  A  FIELD  TEST 

The  lack  of  control  over  many  variables  makes  a  field  evaluation 
complex.  However,  at  this  point  a  field  test  of  EL  seemed  desirable  to 
provide  concrete  data  on  just  how  well  EL  compares  to  standard  Coast 
Guard  incandescent  sources  in  various  circumstances.  Of  course,  the 
primary  uncontrolled  variable  is  the  atmosphere  but  there  are  other 
factors  such  as  the  moon's  contribution  to  background  lighting.  A  new 
moon  contributes  much  less  to  background  luminance  than  does  a  full 
moon.  The  experiment  was  designed  to  measure  comparative  brightness  for 
each  observer  at  each  observation  time.  Hence,  within  each  observation 
the  uncontrollable  variables  will  be  constant.  The  only  difficulties 
that  might  arise  would  be  those  comparing  observations  made  at  different 
times.  However,  by  collecting  data  in  groups  of  approximately  equal 
background  luminances  and  visibility,  correlation  between  background 
observational  days  was  felt  to  be  feasible.  Then  at  this  point,  the 
variables  of  primary  concern  must  be: 

(1)  Visual  acuity  of  observer; 

(2)  Contrast  (background  luminance  enters  here),  and 

(3)  Visibility  of  distant  objects. 

The  assumptions  are:  (1)  that  the  observation  is  essentially  horizontal 
with  a  homogeneous  atmosphere  of  some  constant  transmissivity ;  (2)  that 
the  output  of  the  EL  source  and  the  incandescent  sources  was  constant 
for  the  various  test  configurations  over  the  entire  period  of  the  obser- 
vation; and  (3)  that  the  various  psychological  and  physiological  factors 
effecting  the  observers  (motivation,  comfort,  etc.)  did  not  signifi- 
cantly affect  the  data. 
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C.   EXPERIMENTAL  SET  UP 

From  a  practical  standpoint  the  test  range  selected  was  excellent. 
The  sources  were  located  143  feet  apart,  atop  Spanagel  Hall  at  the  Naval 
Postgraduate  School,  Monterey,  California.  The  observer  was  located  at 
the  end  of  the  Coast  Guard  pier  in  Monterey,  a  distance  of  6937  feet 
from  the  sources.  The  elevation  of  the  sources  above  the  plane  of  the 
observer  was  approximately  125  feet.  The  background  for  the  sources  was 
a  large,  densely-wooded  hill  which  is  part  of  a  state  park.  There  were 
no  artificial  light  sources  in  this  background.  The  observer  then  was 
looking  over  approximately  three  quarters  of  a  mile  of  water  at  a  light 
source  located  another  half  mile  inland.  The  observer  contended  with 
the  usual  shore  and  harbor  lighting.  This  was  a  very  realistic  setting 
and  closely  approximated  a  harbor  pilot  making  his  way  up  a  channel 
using  the  channel  range  lights  to  aid  in  navigating.  The  Monterey  bay 
area  provides  a  formidable  test  for  the  EL  source.  This  area  in  the 
late  summer  months  is  notorious  for  its  cold,  wet  fog  that  comes  rolling 
in  after  sunset  and  typically  remains  until  the  later  morning  hours. 
Successful  visibility  in  fog  would  be  crucial  to  the  acceptance  of  EL  as 
an  aid  to  navigation. 

The  brightness  equivalent  portion  of  the  experiment  was  carried  out 
as  related  in  Pilot  Study  I.  The  EL  spatial  arrangement  portion  of  the 
experiment  was  basically  carried  out  as  described  in  Pilot  Study  II. 
Using  the  results  of  Pilot  Study  II,  the  means  of  adjusting  the  inten- 
sity of  the  spotlight  test  source  used  in  the  spatial  arrangement  test 
was  as  follows.  Heavy  matte  board  filters  were  constructed  which  had 
circular  holes  cut  in  them  with  diameters  varying  from  1.75  inches  to 
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5.00  inches.  The  incremental  change  in  the  hole  diameter  from  filter  to 
successive  filter  was  1/8  inch.  As  the  hole  diameter  of  successive 
filters  increased,  the  effective  intensity  of  the  spotlight  was  also 
increased  accordingly. 

D.   EQUIPMENT 

1.  The  Incandescent  Sources 

Figure  12  below  is  a  sketch  of  the  155  mm  lantern  which  is  the 
standard  incandescent  source  used  on  buoys  and  the  equipment  used  in 
this  investigation  (USCG,  1979).  In  this  case,  the  lantern  assembly 
consists  of  a  red  or  green  colored  acrylic  fresnel  lens  resting  upon  a 
polyester-resin  base.  The  lantern  base  contains  the  components  neces- 
sary to  interrupt  or  flash  the  source.  The  fresnel  lens  has  a  specific 
focal  plane  and  the  lantern  base  is  designed  to  allow  the  incandescent 


Figure  12.   155  mm  Buoy  Lantern 


filament  to  rest  squarely  in  the  middle  of  this  plane,  thus  automatic- 
ally being  focused.  The  lens  provides  the  familiar  fan  beam  as  indicated 
in  Figure  13.  The  intensity  in  the  beam  is  10  to  40  times  greater  in 
the  horizontal  plane  than  is  the  case  for  the  bare  incandescent  lamp. 
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Figure  13.  Fan  Beam  From  155  mm  Source 

Table  1  shows  the  various  sized  incandescent  sources  used  at  12  volts. 
Note  that  the  size  is  distinguished  by  its  current  rating  in  amperes. 
The  incandescent  sources  used  were  powered  by  a  Kepco,  0-36  volts, 
0-5  amp,  voltage  regulated,  power  supply. 

Table  1.   Incandescent  Source  Table  of  Information 


Size 

Intensity 

0.25A 

14 

cd 

y 

0.55A 

35 

cd 

I    RED  LENS 

0.77A 

52 

cd 

1 

1.15A 

75 

cd 

155  mm 

) 

2.03A 

145 

cd 

12  volts 

) 

0.15A 

23 

cd 

/ 

0.55A 

55 

cd 

\  GREEN  LENS 

0.77A 

83 

cd 

\ 

1.15A 

120 

cd 

2.03A 

230 

cd 
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2.   The  EL  Source 

The  EL  source  was  made  up  of  a  3  x  5  matrix  of  EL  panels.  Each 
of  the  15  panels  had  lighted  dimensions  of  13.44  in.  x  5.63  in.  The 
maximum  lighted  area  (all  15  panels  lighted)  of  the  source  was  9.27 
square  feet.  Each  panel  was  attached  to  the  3/4  in.  plywood  support 
backing  with  two-sided  carpet  tape.  This  technique  was  used  to  allow 
for  easy  removal  of  the  panels  if  required.  The  panels  were  mounted 
side  by  side  in  a  close-packed  arrangement  three  panels  across  and  five 
panels  high.  To  insure  protection  from  exposure  to  the  very  moist  and 
very  windy  source  site,  the  EL  source  matrix  was  covered  with  a  sheet  of 
1/8  in.  plastic  sheeting  similar  to  Plexiglas.  The  assumption  was  made 
that  the  plastic  had  a  negligible  effect  on  source  luminance. 

In  the  case  of  the  red  EL  source,  a  similar  1/8  in.  filtered 
plastic  covering  was  fabricated  with  manufacturer  supplied  red  filter 
material  on  the  inside  of  the  protective  plastic. 

Each  panel  was  connected  to  the  "hot  side"  of  the  power  supply 
with  a  6  ampere,  SPOT  switch.  The  15  switches  allowed  different  panels 
to  be  lighted  independently.  The  entire  EL  source  was  powered  by  a 
415  hz,  220  volt,  3  phase  generator.  Figure  14  represents  a  schematic 
of  this  arrangement. 

E.   SUBJECTS 

No  attempt  was  made  to  gather  subjects  to  represent  a  wide  popu- 
lation. In  fact,  all  observers  were  military  personnel.  All  seemed 
highly  motivated.  A  Bausch  &  Lomb  Ortno-Rater  was  used  to  measure  each 
subject  for  far  acuity  for  both  eyes.  Ortho-Rater  Test  F-3  was  adminis- 
tered.  A  table  of  pertinent  information  is  provided  below. 
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EL 

PANEL 


Phase  1  Ipijs 


Figure  14.  Schematic  of  EL  Source 


Table  2.  Background  Information  on  Subjects 


AGE 

VISION 

SEX 

ED. 

EXPERIENCE 

PAY  GRADE 

1 

31 

20/20 

M 

BS 

recent/extensive 

0-3 

2 

29 

20/20 

M 

BS 

2  yrs  nonrecent 

0-3 

3 

28 

20/17 

M 

BS 

aviator 

0-3 

4 

23 

20/20 

M 

14  yr 

recent/smal Iboats 

E-4 

5 

19 

20/20 

F 

HS 

recent/small  boats 

E-2 

6 

27 

20/20 

M 

HS 

recent/small  boats 

E-5 

7 

35 

20/18 

M 

BS 

recent 

0-2 

8 

32 

20/17 

M 

BS 

recent/buoytender 

0-4 

9 

29 

20/20 

M 

BS 

2  yrs/nonrecent 

0-3 

10 

36 

20/18 

M 

BS 

recent/extensive 

0-3 

11 

31 

20/20 

M 

MS 

recent/buoytender 

0-3 

12 

27 

20/17 

M 

BS 

2  yrs/nonrecent 

0-2 

13 

36 

20/20 

M 

BS 

recent/sub 

0-4 

14 

33 

20/18 

M 

BS 

none 

0-3 

15 

28 

20/22 

M 

BS 

2  yrs/nonrecent 

0-3 

16 

28 

20/22 

F 

BS 

none 

0-3 
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F.   PILOT  STUDY  I 

The  purpose  of  the  initial  pilot  study  was  twofold:  (1)  to  gain  an 
approximate  understanding  of  how  the  various  EL  configurations  compared 
to  the  available  incandescent  sources  (EL/IC  brightness  equivalency 
test);  (2)  to  determine  if  observers  could  detect  a  brightness  differ- 
ence when  different  EL  patterns  were  displayed  even  though  they  had  the 
same  emitting  areas  (spatial  arrangement  test).  The  brightness  equiv- 
alency portion  of  the  experiment  concerned  brightness  matching  of  from  1 
to  15  EL  panels  to  each  of  5  incandescent  sources.  The  maximum  number 
of  observations  required  would  then  be  75. 

The  incandescent  source  (IC)  was  located  at  the  western  point  of  the 
Spanagel  Hall  roof.  The  EL  panel  matrix  was  set  up  143  feet  away,  also 
on  Spanagel  Hall  roof.  The  observer  was  located  6937  feet  distant,  at 
the  Coast  Guard  pier  in  Monterey.  At  this  distance,  the  EL  panel  matrix 
subtended  less  than  1.5  minutes  of  arc.  Assuming  full  moon  conditions, 
the  background  luminance  would  be  of  the  order  of  .01  ft-L.  Referring 
to  Figure  10,  this  is  equivalent  to  a  critical  angle  of  nearly  2.5 
minutes  of  arc.  Thus,  the  assumption  that  the  EL  source  may  be  treated 
as  a  point  source  (and  therefore  affecting  the  eye  in  proportion  to  its 
intensity)  is  justified.  This  observation  distance  required  the  proctor 
to  communicate  with  the  observer  via  two-way  radios. 

1.  Test  Plan 

a.  Brightness  Equivalency  Test 

An  incandescent  (IC)  source  was  selected.   The  EL  panels 
were  switched  on  one  at  a  time  noting  when  the  observer  reported  equal 
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brightness.  Another  incandescent  source  was  selected  and  the  process 
repeated  until  all  five  incandescent  souces  had  been  tested. 

As  initially  arranged,  the  proctor  met  with  the  subject 
at  the  intended  observation  point  (Coast  Guard  pier,  Monterey)  approxi- 
mately thirty  minutes  prior  to  onset  of  observations.  This  thirty 
minute  period  had  a  three-fold  purpose.  First,  and  foremost,  it  pro- 
vided the  necessary  time  for  the  subject  to  adapt  to  the  ambient 
nighttime  luminance.  Second,  a  portion  of  the  time  was  spent  giving 
instructions  to  the  subject.  Finally,  this  time  allowed  the  proctor  to 
return  to  the  source  site  for  the  start  of  the  observations.  Besides 
verbal  instruction,  the  subject  was  left  with  a  plastic  laminated  card 
and  a  red  filtered  penlight.  The  card  contained  the  comparative 
brightness  rating  scale  that  the  subject  was  to  use.  The  card  was 
designed  to  help  the  subject  be  more  precise  in  his  reported  evaluation 
by  eliminating  any  doubt  as  to  what  number  should  be  reported. 

The  subjective  brightness  comparisons  were  made  by  the 
observer  who  rated  the  EL  source  (the  observer's  left  source)  in  com- 
parison to  the  incandescent  source  (the  observer's  right  source)  on  a 
numerical  scale  from  one  to  seven.  The  numerical  observation  was 
defined  as  fol lows: 

1 Left  source  much  brighter  than  the  right  source 

2 Left  source  moderately  brighter  than  the  right  source 

3 Left  source  slightly  brighter  than  the  right  source 

4 Left  source  of  equal  brightness  with  the  right  source 

5 Right  source  slightly  brighter  than  the  left  source 
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6 Right  source  moderately  brighter  than  the  left  source 

7 Right  source  much  brighter  than  the  left  source. 

The  subjects  were^not  told  which  source  was  the  EL  source. 
In  fact,  the  observers  were  told  nothing  about  the  sources  except  that 
they  would  observe  two  sources  and  make  a  brightness  judgement, 
b.  Spatial  Arrangement  Test 

The  purpose  of  this  portion  of  the  experiment  was  to  in- 
vestigate the  effect  on  perceived  brightness  due  to  different  spacial 
arrangements  of  the  EL  panels.  A  155  mm  incandescent  source  was 
selected  and  various  arrangements  of  the  equivalent  8  EL  panel  source 
was  tested  against  it.  The  test  patterns  are  shown  in  Figure  15.  These 
test  patterns  could  not  be  resolved  by  the  observers. 
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Figure  15.   EL  Test  Patterns 


Each  test  pattern  was  tested  at  least  twice  against  the  observer  in  a 
random  fashion. 
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2.  Pilot  Study  I  Results 

Four  subjects  were  selected  and  the  two  part  experiment  carried 
out.  The  results  of  the  brightness  equivalency  test  provided  approxi- 
mate information  on  which  incandescent  source  matched  8  close-packed 
(pattern  #1)  EL  panels. 

The  results  of  the  spatial  arrangement  test  were  inconclusive. 
It  was  felt  that  the  experimental  technique  devised  was  inadequate  due 
to  its  lack  of  sensitivity.  A  technique  was  required  that  would  provide 
a  sensitive  means  of  adjusting  a  test  source  until  it  matched  in  bright- 
ness a  particular  pattern  of  8  EL  panels.  A  statistical  comparison  of 
the  intensity  matches  would  then  indicate  if  there  was  indeed  a  dif- 
ference in  perceived  brightness  of  different  spatial  arrangements  of  the 
EL  panels.  Upon  consideration,  the  intensity  adjustable  spotlight  was 
selected  to  carry  out  this  portion  of  the  experiment  since  it  could 
provide  the  requisite  "fine  tuning"  possibly  required  to  match  the 
various  EL  patterns. 

3.  Directions  to  Observers 

"The  purpose  of  this  experiment  is  to  ascertain  the  relative 
brightness  of  two  different  sources.  Your  task  as  an  observer  is  to 
report  which  of  two  sources,  left  or  right,  is  brighter  and  to  describe 
qualitatively  how  much  brighter  one  source  is.  The  proctor  will  now  go 
through  the  seven  point  rating  scale  on  the  card  in  front  of  you. 

"Observe  the  two  green  sources  in  the  distance  noting  there  is 
indeed  a  'left  source'  and  a  'right  source'  as  you  face  the  sources. 
Practice  rating  these  sources. 
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"The  value  of  your  observations  cannot  be  underestimated.  Your 
brightness  evaluations  are  important.  Therefore,  try  to  be  as  accurate 
as  possible,  reporting  in  an  unbiased  manner  exactly  what  you  see.  If 
the  two  sources  seem  of  equal  brightness,  so  state  that.  However, 
should  one  source  be  brighter  than  the  other,  report  that,  remembering 
to  use  your  reference  card  if  need  be.  Do  not  attempt  to  judge  your 
performance  by  any  inflections  you  may  perceive  in  my  voice  while  we  are 
communicating.   Remember,  unbiased  reporting  is  essential. 

"You  will  be  asked  to  avert  your  eyes  from  these  sources  from 
time  to  time  to  allow  for  source  adjustment.  Please  do  so  since  it  does 
matter  how  the  sources  are  presented  to  you.  Remember  also  not  to  look 
toward  any  high  intensity  lights  in  your  observation  area  (such  as  pier 
lighting).  This  too  could  affect  your  observations. 

"Finally,  we  will  be  communicating  on  channel  21  VHF.  We  will 
obtain  a  radio  check  once  before  I  leave  the  pier  area  and  then  once 
more  in  the  vicinity  of  the  source  site.  If  at  any  time  during  the  test 
you  have  a  question  feel  free  to  ask.  Remember,  there  is  no  time  limit 
on  your  observations.   Do  you  have  any  questions  at  this  time?" 

G.   PILOT  STUDY  II 

One  of  the  areas  explored  in  this  investigation  was  the  importance 
of  the  spatial  arrangement  of  the  EL  panels  which  were  lighted.  From 
the  observation  distance,  the  patterns  were  indistinguishable  and  were 
point  sources.  The  question  to  be  addressed  was  whether  or  not  an 
observer  perceived  one  pattern  to  be  brighter  than  another  through  both 
patterns  had  identical  emitting  areas. 
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The  results  of  Pilot  Study  I  indicated  a  different  method  be  employ- 
ed then  merely  comparing  different  EL  patterns  to  one  fixed  155  mm 
incandescent  buoy  lantern.  The  means  used  to  address  this  question  was 
as  follows.  A  certain  source,  the  spotlight  test  source,  was  set  up  and 
a  means  devised  to  accurately,  incrementally  adjust  its  intensity.  The 
test  source  was  then  allowed  to  emit  at  some  level  of  brightness  ob- 
viously different  than  that  of  the  EL  source.  The  test  source  was  then 
intensity  adjusted  until  the  observer  reported  equal  brightness  between 
the  two  sources.  This  process  was  repeated  for  several  EL  patterns. 
Evaluation  of  the  data  would  determine  if  there  was  a  statistically 
discernable  difference  in  perceived  brightness  between  patterns. 

In  order  to  carry  out  the  proposed  test,  a  pilot  study  was  conducted 
to  determine  some  preliminary  results.  A  photo  enlarger  shell  fitted 
with  a  150  watt,  commercial,  outdoor  spotlight  was  set  up  on  a  stable 
tripod  approximately  140  feet  from  the  EL  source.  Approximately  14 
inches  in  front  of  the  lamp  was  fitted  a  large  diffusing  plate  and 
directly  in  front  of  the  diffusing  plate  was  fitted  a  filter  holder. 
The  filter  holder  not  only  held  the  colored  filters  but  also  plates  of 
various  sized  openings  used  to  control  the  effective  intensity  of  the 
light. 

A  volunteer  observer  was  selected  and  the  tests  were  conducted. 
(The  visibility  at  the  time  of  the  observations  was  4  miles  in  fog.) 
The  red  filtered  EL  source  was  lighted  in  a  close-packed  8  panel  pattern. 
A  number  of  red  acetate  filters  was  placed  in  front  of  the  spotlight 
test  source  until  the  observer  reported  that  both  sources  were  the  same 
color.   Then  aluminum  flat  stock  plates  with  1  inch  increment  holes  cut 
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in  them  were  used  to  restrict  the  effective  intensity  to  any  desired 
level.  From  the  reports  of  the  observer,  a  region  was  determined  where- 
in smaller  increments  would  be  desirable  to  carry  out  the  main  experi- 
ment. The  observations  were  then  repeated  for  the  green  EL  source. 
Again,  results  were  obtained  for  the  intensity  region  of  interest. 
However,  during  the  course  of  the  main  experiment,  it  became  necessary 
to  drop  the  green  EL  spatial  arrangement  test  and  do  the  test  only  with 
the  red  EL.  This  necessity  was  due  to  the  excessive  time  required  for 
the  observations. 

H.   SPECTRAL  MEASUREMENTS  OF  EL 

The  electroluminescent  source  was  set  up  in  a  darkroom  laboratory. 
The  exposed  portion  of  the  EL  panel  measured  4.0  inches  in  diameter. 
The  remaining  panel  and  a  large  area  of  the  background  was  covered  with 
a  flat  black  matte  surface.  An  EG&G  model  585  spectroradiometer  was 
used  to  make  measurements  of  the  source  from  380  nm  to  800  nm.  The 
results  are  indicated  in  Figure  15.  Note  the  peak  emission  at  520  nm. 
The  CIE  curve  for  the  average  observer  is  overlaid  on  this  emission 
curve  to  point  out  the  relative  photometric  efficiency  of  EL. 

I.   LUMINANCE/INTENSITY  OF  EL 

1.   Experimental  Measurement  of  EL  Luminance 

An  experiment  was  carried  out  to  determine  the  luminance  of  the 
EL  source.  A  black  matte  surface  with  a  1  inch  diameter  hole  in  it  was 
placed  over  the  EL  source.  This  one  inch  diameter  emitting  area  was 
used  to  measure  the  luminance  of  the  EL  panel,  assuming  the  panel  is  of 
uniform  exitance. 
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Figure  15.   Spectral  Emission  of  EL 


In  a  darkroom  laboratory  with  essentially  no  ambient  light,  the 
EL  source  was  powered  by  a  12  volt  DC  source  via  an  inverter  supplied  by 
the  EL  manufacturer.   This  inverter  converted  the  12  volt  DC  source  to  a 
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400  HZ  AC  source  at  approximately  90  volts.  The  entire  EL  panel,  in- 
cluding that  portion  covered  by  the  black  matte  surface,  drew  approxi- 
mately 1.93  amperes  at  12  volts  DC. 

The  device  used  to  measure  the  luminance  was  a  Tektronix  model 
J6203  1°  Narrow  Angle  Luminance  Meter.  The  detector  was  placed  84 
inches  from  the  EL  source  thus  insuring  that  the  source  fell  entirely 
within  the  1  degree  viewing  angle  as  well  as  insuring  the  EL  source  was 
viewed  as  a  point  source. 

Identical  measurements  were  made  except  this  time  the  EL  panel 
was  wired  directly  to  the  415  Hz  generator  used  in  the  main  experiment 
with  the  detector  located  101  inches  away  from  the  EL  source.  The 
results  for  both  experiments  are  tabulated  below  for  both  red  and  green 
sources.  Note  that  the  measurements  were  essentially  the  same  using  the 
inverter  or  using  the  415  Hz  generator  directly.  Also  note  the  dramatic 
reduction  in  EL  photometric  brightness  when  the  red  filter  was  used. 


Table  3.   Luminance  Measurements  for  Red  and  Green  Sources 


RED  EL 

GREEN  EL 

12  V.  dc  with  inverter 

1.4  ft-L 

8.5  ft-L 

415  hz  generator 

1.4  ft-L 

8.4  ft-L 
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2-  The  Equivalent  Intensity  of  EL 

These  EL  panels  are  assumed  to  closely  approximate  a  Lambertian 
surface,  one  whose  luminance  is  the  same  in  every  direction  over  the 
hemisphere.  The  luminous  intensity  in  a  given  direction  of  this  emitter 
varies  only  with  the  cosine  of  the  angle  between  the  normal  to  the 
surface  and  the  given  direction.  An  important  relation  for  Lambertian 
surfaces  is: 


cd 
1  jTj   =  71  ft- Lamberts 


(11) 


A  Lambertian  source  emitting  one  lumen  per  square  foot  has  a  luminance 

of  1  ft-L.   The  derivation  of  this  relation  is  as  follows  (Cotton, 
1960). 

Figure  17  represents  a  Lambertian  source  emitting  into  a  hemi- 
sphere of  radius  r.   Suppose  there  to  be  an  annular  ring  located  at  9, 


Figure  17.   Lambertian  Source  Emitting  Into  Hemisphere 
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of  width  d9.  The  area  of  the  ring  is  ZnrsinQ  d0.  If  r  =  1,  then  the 
area  of  the  hemisphere  is  numerically  equal  to  the  subtended  solid  in 
steradians: 

dw  =  27tsinede  (12) 

Let  the  luminance  of  the  emitter  be  L.  Its  luminous  intensity,  I,  is 
equal  to  the  product  of  its  luminance  and  the  source  area  projected  in 
the  direction  9: 

I  =  L  A  cos  9  (13) 

But  the  luminous  flux,  d(|),  received  by  the  annular  ring  is  just: 

d(t)  =  Idw  (14) 


and 


Therefore: 


.7t/2 

4>  =  LA  I     (cos9)  271  sin9  d9  (15) 

0 


I  =  ^  (^^) 


Stated  in  words,  the  luminous  flux  per  unit  area  is  equal  to  the  product 
of  the  luminance  and  n.  When  the  unit  of  length  used  is  the  foot  then 
the  unit  for  luminance  is  the  foot-Lambert  (ft-L). 

The  above  relation  provides  the  means  to  arrive  at  a  value  for 
the  intensity  of  the  EL  source.  Table  4  below  provides  the  calculated 
intensities  for  the  number  of  EL  panels  lighted.  To  put  these  calcu- 
lated intensities  in  perspective,  columns  four  and  six  indicate  the 
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Table  4.   Calculated  Equivalent  Intensities  for  EL 


LIGHTED 
PANELS 

LIGHTED 
AREA  (FT2) 

I(cd) 
GREEN  EL 

SIZE  (AMPS) 
GREEN  IC 

I(cd) 
RED  EL 

SIZE  (AMPS) 
RED  IC 

1 

.62 

17 

.25A 

3 

2 

1.24 

33 

5 

3 

1.86 

50 

.55A 

8 

4 

2.48 

66 

11 

5 

3.10 

83 

.77A 

14 

.25A 

6 

3.72 

99 

16 

7 

4.34 

116 

1.15A 

19 

8 

4.96 

132 

19 

9 

5.58 

149 

25 

10 

6.20 

166 

27 

11 

6.82 

182 

30 

12 

7.44 

199 

33 

13 

8.06 

215 

35 

.55A 

14 

8.68 

232 

2.03A 

38 

15 

9.30 

248 

41 

tabulated  average  intensities  for  various  red  and  green  12  volt,  in- 
candescent aids-to-navigation.  Thus,  one  may  arrive  at  a  theoretical 
intensity  equivalence  for  the  EL  panels  and  the  incandescent  sources. 
Since  both  sources  are  considered  point  sources  at  the  proper  distance, 
this  amounts  to  a  brightness  equivalency. 
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III.   RESULTS  AND  DISCUSSION 

A.  ANALYSIS  OF  THE  BRIGHTNESS  EQUIVALENCY  TEST 
1.  Graphical  Analysis  (Green  EL  Source) 

The  purpose  of  this  portion  of  the  experiment  was  to  determine 
approximately  how  many  EL  panels  were  required  to  equal  in  brightness 
each  of  five  Coast  Guard  standard  155  mm  aid-to-navigation  sources. 
Figures  18  through  22  are  plots  of  the  number  of  lighted  EL  panels 
versus  the  corresponding  brightness  rating  given  by  the  observer  as 
compared  to  the  indicated  incandescent  source.  As  an  aid  to  the  reader, 
Figure  18  also  restates  the  brightness  rating  scale.  These  plots  show 
qualitatively  how  the  addition  or  deletion  of  panels  affects  the  per- 
ceived brightness.  One  may  also  choose  from  these  plots  the  approximate 
number  of  EL  panels  required  to  equal  a  particular  incandescent  source. 
For  example,  Figure  19  indicates  that  a  brightness  rating  of  4  (EL  and 
incandescent  equal  in  brightness)  corresponds  to  approximately  2  EL 
panels  for  a  green  .  55A  incandescent  source.  These  plots  represent 
simple  averages  of  all  the  observations.  No  provision  was  made  for 
different  experimental  conditions  between  observations. 
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Figure  18.   Brightness  Rating  Vs.  Number  of  EL  Panels 
for  a  Green  . 25A  Incandescent  Source 
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Figure  19.   Brightness  Rating  Vs.  Number  of  EL  Panels 
for  a  Green  . 55A  Incandescent  Source 
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Figure  20.   Brightness  Rating  Vs.  Number  of  EL  Panels 
for  a  Green  . 77A  Incandescent  Source 
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Figure  21.  Brightness  Rating  Vs.  Number  of  EL  Panels 
for  a  Green  1.15A  Incandescent  Source 
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Figure  22.   Brightness  Rating  Vs.  Number  of  EL  Panels 
for  a  Green  2.03A  Incandescent  Source 
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The  impact  of  the  atmospheric  conditions  on  the  observations  is 
important.  It  is  of  particular  interest  in  this  case  to  determine  if 
low  visibility  conditions  significantly  affect  the  perceived  brightness 
of  the  EL.  The  real  test  for  any  lighted  aid  is  how  well  it  performs 
under  low  visibility  conditions,  when  it  is  needed  most.  Table  5  lists 
the  number  of  observations  carried  out  at  the  various  visibilities 
during  the  course  of  the  experiment. 

Table  5.  Atmospheric  Conditions 


Visibility 

Number  of 

(miles) 

Observations 

1 

1 

2 

3 

3 

2 

6 

1 

8 

3 

10 

3 

15 

3 

Figures  23  through  27  portray  the  effect  of  visibility  on  the 
number  of  EL  panels  required  to  achieve  equal  brightness  with  the  in- 
dicated incandescent  source.  The  ordinate  axis  represents  the  number  of 
EL  panels  required  to  equal  in  brightness  the  incandescent  source  for 
that  particular  graph.   The  abscissa  is  the  visibility  in  miles.   Note 
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Figure  23.   Visibility  Trenci  for  EL  Panels  When 
Compared  to  a  Green  . 25A  Source 
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Figure  24.  Visibility  Trend  for  EL  Panels  When 
Compared  to  a  Green  . 55A  Source 
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Figure  25.  Visibility  Trend  for  EL  Panels  When 
Compared  to  a  Green  .77A  Source 
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Figure  26.  Visibility  Trend  for  EL  Panels  When 
Compared  to  a  Green  1.15A  Source 
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that  in  Table  5  visibilities  of  1  mile  and  5  miles  had  only  one  obser- 
vation apiece  and  thus  are  of  lowest  reliability.  On  the  graphs  this  is 
indicated  by  using  an  "open  circle"  as  the  datum.  The  data  points  in 
Figures  23  through  27  represent  the  average  number  of  panels  required 
for  the  actual  visibility  levels.  The  solid  line  is  a  least  squares 
linear  regression  without  using  the  1  and  6  mile  visibilities.  The 
nearly  zero  slope  indicates  no  linear  relationship  exists  between  the 
visibility  and  the  number  of  panels  required  to  achieve  equal  brightness 
with  a  selected  incandescent  source,  except  that  Figure  27  points  out  an 
interesting  anomaly.  In  the  2.03A  case,  there  appears  to  be  a  very 
definite  relationship.  This  linear  relationship,  though  reduced, 
remains  evident  even  when  the  1  and  6  mile  observations  are  included. 
This  plot  indicates  that  as  one  decreases  visibility,  the  number  of  EL 
panels  required  to  equal  the  2.03A  source  goes  down.  On  exceptionally 
clear  nights,  one  would  need  about  12  EL  panels  to  equal  the  green  2.03A 
incandescent  source,  but  at  visibilities  as  low  as  1  mile,  only  7  EL 
panels  would  be  required.  The  regression  lines  for  each  comparison  case 
are  plotted  in  Figure  28  to  aid  in  visualizing  the  trend. 

Figures  29  and  30  require  careful  explanation.  The  dual  axis  is 
labelled  in  intensity  units  (candela)  and  in  corresponding  incandescent 
lamp  size.  For  example,  a  green  1.15A  source  in  a  155  mm  lantern  corre- 
sponds to  an  intensity  (at  standard  voltage)  of  120  cd.  The  abscissa 
axis  is  the  number  of  EL  panels  required  to  achieve  equal  brightness 
with  a  particular  incandescent  source.  The  solid  line  is  a  plot  of  the 
Lambertian  relation: 

1  cd/ft2  =  n(ft-L) 
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Figure  27.  yisibiHty  Trend  for  EL  Panels  When 
Compare(d  to  a  Green  2.03A  Source 
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Figure  29.      Effect  of  Visibility  on  Comparative  Brightness 
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Figure  30.  Visibility  Trend  for  Equal  Intensity  Sources 

which  yields  the  theoretical  equivalent  intensity  of  the  EL  panels  given 
their  area  and  luminance  in  foot- Lamberts.  As  the  legend  indicates, 
there  are  then  3  data  points  for  each  incandescent  source  comparison. 
For  example,  when  comparing  brightness  between  the  EL  and  the  1.15A 
incandescent  source,  one  arrives  at  three  values;  i.e.,  one  for  each  of 
the  visibility  conditions.  The  following  assumption  is  made  in  plotting 
the  data.  Since  both  sources  are  point  sources  and  therefore  affect  the 
eye  in  proportion  only  to  their  intensity,  it  is  assumed  for  the  purpose 
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of  this  plot,  that  when  the  observer  reports  the  two  sources  equal  in 
brightness  then  they  must  have  the  same  effective  intensity.  Therefore, 
if  the  observer  reported  that  there  was  equal  brightness  between  6  EL 
panels  and  the  1. 15A  incandescent  source,  the  ordinate  coordinate  would 
be  the  tabulated  intensity  for  the  1. 15A  green  incandescent  lamp  from 
Table  1  and  the  abscissa  coordinate  would  be  6,  the  number  of  EL  panels 
required  for  equivalent  brightness.  This  method  provides  an  interesting 
and  vivid  picture  of  the  apparent  effect  of  visibility  on  EL. 

There  are  several  points  of  interest  here.  First,  note  that 
regardless  of  the  visibility,  the  EL  seems  to  perform  slightly  better 
than  the  theoretical  curve  would  indicate.  Equal  brightness  appears  to 
occur  about  1  panel  less  than  theory  would  predict  for  the  four  lowest 
size  lamps.  Second,  note  the  dramatic  effect  that  visibility  appears  to 
play  in  the  2.03A  case.  For  good  visibility  (10-15  miles),  the  linear 
relationship  between  the  number  of  EL  panels  and  the  intensity  holds 
very  well.  As  the  visibility  drops,  however,  this  linear  relationship 
appears  to  break  down. 

2.   Statistical  Analysis  (Green  EL  Source) 

Table  6  below  represents  a  statistical  summary  of  the  obser- 
vations. An  analysis  of  variance  was  carried  out  considering  the  three 
visibility  categories  as  treatments.  The  null  hypothesis  (Hq),  for  each 
incandescent  source  was  Mi  =  M2  ~  Ms*  where  u  is  the  population  mean. 
The  test  was  conducted  at  the  .1  level.  The  null  hypothesis  could  be 
rejected  only  in  the  2.03A  case.  The  difference  in  means  in  the  2.03A 
case  could  not  be  attributed  to  chance  fluctuations  at  that  level. 
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Table  6.   Statistical  Summary  of  Observations 


GREEN 
INCANDESCENT 
SOURCE  SIZE 
(AMPS) 

VISIBILITY 

0-3 
X 

miles 
a 

4-9  miles 
X      a 

10-15 
X 

miles 
a 

.25A 

.583 

.607 

.75     .433 

.67 

.471 

.55A 

2.42 

.449 

1.87     .217 

2.17 

.80 

.77A 

3.67 

1.07 

3.13     .545 

3.17 

.745 

1.15A 

6.08 

1.06 

5.625    .82 

6.58 

1.06 

2.G3A 

8.33 

2.49 

10.25    2.46 

12.08 

.975 

Table  7  provides  another  view  of  the  data.  Column  1  is  the  in- 
candescent source  size  that  the  EL  source  was  compared  to.  Column  2 
lists  the  average  intensity  for  each  of  these  incandescent  sources. 
Column  3  is  referred  to  as  the  "equivalent  brightness"  intensity  and  is 
determined  as  follows.  As  shown  in  Figures  18  through  22,  an  equal 
brightness  rating  corresponded  to  a  particular  number  of  EL  panels. 
This  number  of  panels,  converted  to  area  in  square  feet,  was  used  in  the 
Lambertian  relation  to  yield  the  "equal  brightness"  intensity. 

The  data  from  columns  2  and  3  in  Table  7  are  plotted  in  Figure 
31.  Since  a  linear  relation  seemed  likely,  a  linear  equation  was 
developed  using  the  least  squares  technique.  This  regression  line  is 
plotted  as  the  solid  line  in  the  figure.  The  correlation  was  calculated 
to  be  .998  indicating  that  the  line  fits  the  data  very  well  and  that 
there  is  a  strong  linear  relationship  between  the  incandescent  intensity 
and  the  "equal  brightness"  intensty  of  the  EL  source.   To  support  this 
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Table  7.      Tabulated   Intensities 


COLUMN  #1 

COLUMN  #  2 

COLUMN  #  3 

Incandescent 

Incandescent 

Equal  Brightness 

Source  Size 

Intensity 

Intensity 

(amps) 

(cd) 

(cd) 

.25 

23 

16 

.55 

55 

32 

.11 

83 

48 

1.15 

120 

95 

2.03 

230 

175 

Tabulated 
Incandescent 
Intensity^  (cd) 

260  - 


220  - 
180  - 
140  - 
100  - 

60  - 

20 


'  20         40         60         80      100      120      140       160      180 

Calculated 

Equivalent 

EL   Intensity (cd) 

Figure  31.      IC   Intensity  Vs.    EL  "Equal    Brightness"    Intensity 
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conclusion,  a  two-sided  95%  confidence  interval  was  constructed  for  the 
slope,  B,  of  the  regression  line: 

B  =  1.24  ±  .26 

Therefore,  B  is  discernable  from  zero.  Though  care  must  be  exercised, 
one  may  predict  the  "equivalent  brightness"  intensity  (and  thus  the 
source  area)  for  a  given  incandescent  source  within  the  limits  of  the 
tested  data. 

3.   Graphical  Analysis  (Red  EL  Source) 

Figures  32,  33,  and  34  again  relate  the  brightness  rating  to  the 
number  of  lighted  EL  panels  as  discussed  above.  Only  three  incandescent 
sources  were  tested  here  since  the  red  EL  at  maximum  intensity  was  not 
able  to  equal  the  brightness  of  .77A,  1.15A,  or  2.03A  sources. 
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Figure  32.   Brightness  Rating  Vs.  Number  of  EL  Panels 
for  a  Red  . 25A  Incandescent  Source 


67 


c 

>  *J 

■M  a«° 
u 

1-1  (0 
^  «)c 
3  C' 
CO  V 

ao 

S" 


;■'  MU 


3  " 
2 

1 


l'\ 


5SA  (r«d) 


t  ■. '   >  I  I   I   I   I   I   I  I   I   I   I  » 


11    13 


15   Number  of 
EL  Panels 


Figure  33.   Brightness  Rating  Vs.  Number  of  EL  Panels 
for  a  Red  . 55A  Incandescent  Source 
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Figure  34.   Brightness  Rating  Vs.  Number  of  EL  Panels 
for  a  Red  . 77A  Incandescent  Source 
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Figure  35  is  a  plot  of  the  number  of  red  EL  panels  required  for 
brightness  equivalence  as  a  function  of  the  visibility.  Again,  the 
nearly  zero  slope  indicates  at  a  .  1  confidence  level  that  there  is  no 
linear  relationship  between  visibility  and  the  required  n.umber  of  panels 
to  equal  a  red  . 25A  incandescent  source. 
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Figure  35.  Visibility  Trend  for  Red  . 25A  Source 

In  Figure  36,  only  the  red  .  25A  source  data  could  be  plotted 
since  even  the  .  55A  source  required  in  excess  of  15  EL  panels  for  equi- 
valent brightness.  Note  that  the  data  points  indicate  the  red  EL  to 
perform  not  as  well  as  theory  predicts. 
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Figure  36.  Red  EL  Visibility  Trends 


4.   Discussion  of  Green  EL  Brightness  Test 

From  the  data,  it  appears  that  the  green  EL  source  performs 
better  than  the  Lambertian  relation  would  predict.  There  are  two  possi- 
bilities for  this  considered  here.  First,  the  measured  luminance  (ft-L) 
of  the  EL  source  has  a  direct  effect  on  these  results.  The  calibration 
of  the  luminance  meter  could  not  be  verified,  thus  creating  some  uncer- 
tainty as  to  the  validity  of  the  measured  luminance.  This  would  affect 
the  slope  of  the  straight  line  in  Figure  29,  but  would  not  account  for 
the  2.03A  anomaly.  Second,  it  has  been  suggested  (Pieroway,  1981)  that 
the  EL  emission  mechanism  itself  may  have  an  unexplained  effect  of 
increasing  the  visual  sensation. 
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As  stated,  regardless  of  the  visibility  conditions  there  was  no 
statistically  significant  difference  in  EL  performance  for  the  lower 
intensity  values.  The  anomaly  for  the  2.03A  case  could  possibly  be 
explained  as  due  to  the  increase  in  area.  As  Figure  22  indicates,  this 
comparison  test  required  the  most  panels  (hence  larger  source  area)  to 
be  lighted.  Brightness,  the  criterion  used  by  the  observer,  is  a  psy- 
chological concept  and  can't  be  measured.  But  a  brightness  comparison 
is  a  valid  measure  of  difference  in  sensation  and  is  essentially  a 
detection  task.  As  stated  earlier,  for  point  sources  the  key  parameter 
is  the  intensity,  and  the  EL  angular  size  fell  well  within  the  region  of 
point  sources.  Even  accepting  ±25%  as  a  reasonable  variance  as  the 
Roscommon  tests  (Blackwell,  1949)  would  indicate,  the  EL  source  at 
maximum  intensity  could  be  considered  a  point  source  and  therefore, 
essentially  coherent. 

There  are  sources  which  cannot  be  regarded  as  either  point 
sources  or  area  sources  but  lie  somewhere  in  between  (de  Boer,  1951). 
These  sources  generally  range  in  angular  size  from  10  minutes  of  arc  to 
one  degree.  de  Boer's  size  correction  factors  however  apply  only  to 
threshold  illuminance  levels. 

In  regard  to  the  size  of  the  EL  source,  observer  input  proves 
helpful.  Several  observers  experienced  initial  uncertainty  in  their 
task  due  to  a  conflict  in  judging  what  seemed  to  be  a  "larger",  "duller" 
source  (EL)  with  a  "sharper",  "more  precise"  source  (IC).  In  each  case 
where  the  seeming  conflict  arose,  the  observer  chose  to  reject  the 
"duller"  EL  source.  Randomly,  the  observers  were  asked  to  describe  the 
sources.  Comments  received  for  the  EL  source  were  typically,  "fuzzy". 
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"diffuse",  "blurry",  "larger",  and  "glowing".  Comments  received  for  the 
incandescent  source  were  typically,  "sharper",  "more  precise",  "star- 
like", and  "more  distinct." 

These  types  of  comments  were  received  slightly  more  often  when 
the  larger  numbers  of  EL  panels  were  lighted  but  not  exclusively. 
Interestingly,  several  observers  reported  both  sources  to  "twinkle" 
during  low  visibilities,  although  the  EL  was  reported  to  "twinkle" 
somewhat  less  than  the  incandescent  source. 
5.  Discussion  of  Red  EL  Brightness  Test 

The  method  employed  to  obtain  the  red  EL  source  was  inefficient. 
As  stated  earlier,  the  essentially  green  emitting  phospher  is  red 
filtered  by  overlaying  a  synthetic  red  material  supplied  by  the  EL 
manufacturer.  Referring  to  Figure  16,  it  is  immediately  evident  that  in 
terms  of  efficiency,  a  high  price  must  be  paid  using  this  technique. 
However,  colored  filters  of  this  type  typically  do  not  have  sharp  band 
passes  so  that  some  wavelengths  other  than  "red"  are  passed.  The  re- 
sults obtained  from  Figure  35  are  then  somewhat  questionable.  Clearly, 
a  red  EL  panel  made  from  properly  doped  phosphers  that  emit  in  the  red 
band  would  be  more  efficient. 

Figure  32  reveals  that  an  equal  brightness  rating  required  most 
of  the  15  EL  panels  to  be  lighted.  Hence,  if  there  was  an  area  effect 
involved  in  causing  "better-than-predicted"  performance,  one  would 
assume  it  would  manifest  itself  here.  Yet  the  "poorer- than-predicted" 
performance  of  the  red  EL  would  seem  to  contradict  the  area  effect. 
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B.   ANALYSIS  OF  THE  SPATIAL  ARRANGEMENT  TEST 
1.  Graphical  Analysis 

This  test  was  conducted  using  only  the  red  filtered  EL.  A  par- 
ticular EL  pattern  was  displayed  and  the  spotlight  test  source  was 
incrementally  intensity  adjusted.  At  each  increment,  the  observer  was 
asked  to  make  a  comparative  brightness  rating  on  a  scale  from  one  to 
seven  (refer  to  Figure  18).  Although  the  region  of  primary  interest  was 
the  relative  intensity  setting  for  which  the  observer  reported  both 
sources  of  equal  brightness  (rating  of  4),  the  observer  was  interrogated 
until  ratings  of  3,  4,  and  5  were  obtained.  For  each  observer,  the 
numerical  brightness  ratings  spanned  a  relative  intensity  scale  from  1 
to  20.  For  each  subject  the  brightness  rating  of  each  particular  re- 
lative intensity  level  was  tabulated.  The  mean  brightness  rating,  X, 
and  its  standard  deviation,  a,  for  each  relative  intensity  was  calcu- 
lated and  plotted  as  shown  in  Figures  37,  38,  and  39.  The  ordinate  axis 
is  the  observer's  rating  of  the  brightness  while  the  abscissa  is  the 
relative  intensity  displayed  by  the  spotlight  test  source  while  the  EL 
pattern  remain  fixed.  In  this  analysis,  the  different  visibility 
conditions  were  not  considered.  The  simple  mean  of  all  observations  was 
taken  without  consideration  of  atmospheric  conditions.  This  approach 
was  taken  based  on  the  analysis  of  the  brightness  equivalency  test  for 
this  intensity  level. 

A  review  of  these  graphs  indicate  that  the  observed  brightness 
levels  were  similar  for  the  different  patterns.  A  least  squares  method 
of  linear  regression  ("comparative  brightness  scale"  on  "relative 
intensity")  was  conducted  for  each  graph  and  the  results  compiled  in 
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Figure  37.   Comparative  Brightness  of  Red  EL  as  a  Function 
of  Relative  Intensity  for  Pattern  1 
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Comparative  Brightness  of  Red  EL  as  a  Function 
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Figure  39.   Comparative  Brightness  of  Red  EL  as  a  Function 
of  Relative  Intensity  for  Pattern  3 


Figure  40.   The  labelled  regression  lines  point  out  the  expected  strong 
linear  relation  between  brightness  rating  and  relative  intensity. 
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Figure  40.   Regression  Lines  for  All  Three  Red  EL  Patterns 
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2.   Statistical  Analysis  of  Spatial  Arrangement  Test 

An  analysis  of  variance  was  conducted  to  verify  that  at  the  .1 
level  there  was  no  statistically  significant  difference  in  the  EL  test 
patterns.  The  null  hypothesis  (Hq)  was  Mi  =  M2  "^Ms;  where  \j  is  the 
population  mean.  The  results  of  the  ANOVA  indicated  that  Hq  could  not 
be  rejected.  Simply  stated,  there  appeared  to  be  no  difference  in  the 
population  means  and  therefore,  at  the  .1  level  there  is  no  statis- 
tically discernable  difference  in  the  perceived  brightness  of  the 
different  patterns.  Table  8  records  the  mean  relative  intensity  and 
standard  deviation  for  each  of  the  test  patterns  when  compared  to  the 
test  spotlight. 

Table  8.   Spatial  Arrangement  Data  Summary 


TEST  PATTERN 

AVERAGE 
RELATIVE  INTENSITY 

G 

1 
2 
3 

10.07 

10.43 
9.33 

1.74 
1.83 
2.59 
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IV.   CONCLUSIONS  AND  RECOMMENDATIONS 

A.   THE  BRIGHTNESS  EQUIVALENCE  TEST 

It  should  be  stated  at  the  outset  that  conclusions  based  on  essen- 
tially 15  observations  are  subject  to  some  uncertainty.  Nevertheless, 
some  general  conclusions  can  be  drawn  from  the  data. 

First,  considering  visibility  merits  alone,  green  EL  is  certainly  a 
viable  alternative  to  incandescence  at  this  range.  By  the  addition  of 
panels  one  could  represent  any  of  the  standard  155  mm  incandescent 
sources  as  well  as  any  sources  in  between. 

Second,  the  EL  panels  are  rugged  and  reliable.  The  experimental  EL 
panels  were  exposed  to  high  winds,  rain,  baking  sun,  and  cold,  wet,  fog 
for  nearly  three  months  in  the  course  of  the  observations  and  not  one 
failure  was  experienced. 

Third,  the  Lambertian  relation  used  to  convert  luminance  (ft-L)  to 
intensity  (cd)  allows  one  to  compute  the  number  of  panels  necessary  for 
an  EL  intensity  equivalent  to  any  particular  incandescent  source.  Yet 
consistently  the  EL  was  perceived  as  the  brighter  source. 

Fourth,,  there  seems  to  be  little  change  in  the  comparative  perfor- 
mance of  EL  with  incandescents  as  the  visibility  drops  with  the  excep- 
tion of  the  high  intensity  cases.  This  striking  effect  in  the  green 
2.03A  case  would  suggest  that  the  EL  performs  much  better  at  this 
intensity  level  than  its  incandescent  competitor  in  low  visibility 
conditions.  The  cause  behind  this  phenomenon  is  unexplained. 
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Fifth,  although  the  data  would  suggest  that  the  red  EL  performed 
comparatively  poorly,  this  must  be  strongly  qualified.  The  use  of  red 
filter  material  to  produce  the  red  EL  creates  some  uncertainty.  The 
pass  band  of  the  red  filter  was  not  measured  and  thus  its  spectral 
output  unknown.  In  any  event,  while  the  method  contrived  may  be  accept- 
able for  cockpit  lighting  schemes  or  "exit"  signs,  its  application  to 
the  aids-to-navigation  field  is  impractical.  For  red  EL  emission  proper 
dopants  should  be  used  to  get  the  desired  red  emission. 

Sixth,  while  the  EL  performed  well  in  visibility  tests,  this  does 
not  insure  that  it  has  an  application  in  aids-to-navigation.  No  mention 
has  been  made  of  the  luminous  efficacy  (ratio  of  total  luminous  flux 
emitted  to  total  lamp  power  input)  of  this  source.  A  consideration  of 
the  power  consumed  (and  thus  operating  cost)  will  be  an  essential  factor. 

Last,  this  experiment  used  a  415  Hz  generator  directly  connected  to 
the  EL  source  and  no  problems  were  encountered.  However,  to  run  the 
panels  off  of  a  12  volt,  dc  source  requires  the  use  of  a  highly  in- 
efficient inverter  to  convert  dc  to  a  400  Hz  ac  source.  This  adds 
another  component  to  the  system  increasing  cost  and  decreasing  reli- 
ability. In  fact,  during  the  course  of  laboratory  spectral  irradiance 
measurements  of  the  EL,  one  of  the  inverters  did  fail.  Regardless  of  EL 
performance,  if  the  inverter  fails  then  the  system  "catastrophically" 
fails  just  as  in  the  incandescent  case.  It  would  be  cold  comfort  for 
the  discrepancy  response  personnel,  awakened  at  2.  a.m.,  to  realize  that 
the  inverter  was  at  fault  and  not  the  panel  itself. 


78 


I 


I 


B.  THE  SPATIAL  ARRANGEMENT  TEST 

As  indicated  earlier,  there  appeared  to  be  no  statistically  dis- 
cernable  difference  in  perceived  brightness  when  the  panels  were 
arranged  in  different  patterns.  The  nature  of  this  test  requires  many 
more  observations  than  were  carried  out  here.  It  will  be  important  to 
know  if  increasing  the  source  size  (while  keeping  the  emitting  area  the 
same)  affects  the  perceived  brightness. 

C.  RECOMMENDATIONS 

In  general,  further  field  tests  and  comparisons  should  be  vigorously 
pursued.  A  similar  experiment  should  be  carried  out  with  many  more 
observers.  This  would  lend  more  statistical  reliability  to  the  results. 

EL  power  consumption  should  be  thoroughly  investigated.  If  the  cost 
of  operating  EL  from  an  energy  consumption  point  of  view  is  prohibitive, 
then  this  area  of  research  could  be  slowed  until  technology  produces  a 
better  EL  device. 

A  study  should  be  conducted  to  provide  the  most  efficient  inverter 
possible.  Output  waveform  (and  its  effect  on  EL),  efficiency,  operating 
temperature,  cost,  and  reliability  are  but  a  few  of  the  areas  of  in- 
terest. 

This  investigation  concerned  comparing  fixed  light  sources.  A 
similar  investigation  focused  on  comparison  of  flashing  light  sources 
would  also  be  crucial.  The  question  to  be  addressed  would  be  the 
influence  of  the  Blondel-Rey  factor  in  a  flashing  EL  display. 

Finally,  an  investigation  is  needed  to  determine  if  indeed  the  eye 
perceives  EL  brighter  than  photometric  measurements  indicate  that  it 
should.   If  so,  the  cause  of  the  phenomenon  would  be  of  great  interest. 
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APPENDIX  A 
A  DISCUSSION  OF  EMISSION  MODELS  FOR  ZNS  POWDER  PHOSPHORS 

The  history  of  electroluminescence  is  relatively  recent,  being 
essentially,  a  twentieth  century  development.   The  phenomenon  was  first 
reported  by  0.  W.  Lossew  in  1923  (Lossew,  1923)  while  working  with 
silicon  carbide. 

One  of  the  most  thoroughly  studied  EL  materials  is  ZnSiCu.  The  EL 
properties  of  this  material  were  first  discovered  by  Georges  Destriau  in 
1936  (Destriau,  1936).  So  prominent  were  his  efforts,  in  fact,  that 
this  phenomenon  is  sometimes  referred  to  as  the  Destriau  Effect.  The 
study  of  electroluminescence  is  complex.  The  total  mechanism  for  EL 
emission  may  be  divided  into  two  basic  processes: 

(1)  The  host  crystal  absorbs  energy  from  the  applied  field,  lifting 
electrons  across  the  bandgap. 

(2)  Sometimes  the  excitation  energy  must  be  transported  to  a  loca- 
tion where  light  emitting  recombination  (through  recombination 
centers)  occurs.  This  process  can  only  occur  through  an  in- 
direct transition,  due  to  the  large  bandgap. 

There  have  been  many  models  proposed  to  explain  EL  emission. 
Fisher's  model  (Fisher,  1963)  relies  on  field  intensification  of  charge 
carriers  due  to  the  presence  of  copper  conducting  inclusions  embedded  in 
the  ZnS  particles.  The  Bonfiglioli  model  (Bonf igl iol i ,  1969)  states 
that  the  regions  bordering  stacking  faults  in  the  crystals  become  elec- 
tron trapping  centers.  This  region  may  be  treated  as  an  np  junction 
consisting  of  the  bulk  ZnS  crystal  phosphor  (n  material)  and  the  region 
around  the  fault  (p  material). 
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None  of  the  proposed  models  is  entirely  satisfactory.  In  any  event, 
treating  ZnS  as  a  semiconductor,  the  process  must  involve  some  avalanche 
excitation  mechanism.  A  clear,  precise,  model  would  be  beneficial  to 
the  development  of  EL. 
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APPENDIX  B 
INSTRUMENTS 

1.   Spectroradiometer/Photometer 

The  spectroradiometer  used  to  make  spectral  measurements  was  an  EG&G 
Model  580/585  Spectroradiometer  System.  This  bench  type  system  is 
pictured  in  Figure  41. 


Figure  41.   Spectroradiometer  With  High  Sensitivity  Detector  Head 

The  system  consists  of  a  beam  input  optics  system  with  a  five  degree 
field  of  view  that  uniformly  illuminates  the  monochromator  entrance 
slit.  The  monochromator  housing  can  be  fitted  for  IR,  UV,  or  visible 
bands.  (For  EL  the  visible  range  was  used.)  Basically,  the  light  enters 
the  monochromator  through  the  entrance  slit,  strikes  the  diffraction 
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grating  and  diffracts  according  to  wavelength.  But  only  one  wavelength 
strikes  the  concave  mirror  in  such  a  way  that  the  entrance  slit  image 
falls  on  the  exit  slit  precisely.  The  monochromatic  light  which  exists 
is  then  measured  by  the  radiometer.  The  spectroradiometer  system  was 
factory  calibrated  and  shipped  directly  to  the  author  with  a  certificate 
of  calibration  dated  June  21,  1982.  It  is  assumed  that  the  calibration 
data  remained  true  throughout  this  investigation. 

2.  The  Luminance  Meter 

The  device  used  to  measure  the  luminance  of  the  EL  source  was  a 
Tektronix  Model  J6523  1°  Narrow  Angle  Luminance  Probe.  This  device 
measured  luminance  in  foot- Lamberts.  The  lens  system  can  focus  over  the 
range  from  18  inches  to  infinity.  The  spectral  response  of  the  sensor 
is  calibrated  within  2%  of  the  CIE  photopic  curve. 

Luminance  meters  do  not  measure  luminance  directly.  They  measure 
the  radiant  flux  directly  and  after  calibration  and  geometry  is  con- 
sidered, the  luminance  may  be  obtained.  The  meter,  in  effect,  measures 
the  average  intensity  of  a  bundle  of  rays  emitted  by  the  source.  Since 
the  EL  source  is  a  uniform  emitter,  the  averaging  technique  is  quite 
acceptable.  For  any  source,  luminance  varies  not  only  with  the  pro- 
jected area  but  also  with  the  solid  angle.  This  type  of  meter  elimin- 
ates the  solid  angle  variance  by  limiting  the  sensor  aperture  to  one 
degree  and  measuring  at  relatively  long  distances.  Then  the  luminance 
to  a  good  approximation,  varies  only  with  the  projected  area. 

3.  Theodolite/Laser  Range  Finder 

A  theodolite  was  used  to  measure  the  vertical  angle  from  the  line- 
of-sight  to  the  zenith.   The  Wild  T2  Universal  Theodolite  can  be  used 
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for  tn'angulation,  precise  traversing,  astronomy,  tacheometry, 
engineering,  cadastral  survey,  and  even  optical  tooling.  It  allows 
measurement  of  both  horizontal  and  vertical  angles.  The  vertical  angle 
was  needed  to  provide  the  elevation  of  the  sources  from  the  observer. 
The  elevation  of  sources  was  needed  to  validate  the  horizontal  viewing 
assumption. 

A  laser  range  finder  was  used  to  determine  the  distance  from  the 
observer  to  the  various  sources.  Ranger  IV  was  manufactured  by  Laser 
Systems  and  Electronics.  The  device  is  capable  of  accurately  measuring 
distances  from  three  feet  to  eight  miles.  Its  accuracy  is  to  within  .02 
feet  +  2  ppm.  This  device,  of  geodetic  accuracy,  is  typically  used  for 
first  order  baseline  determinations.   The  Ranger  IV  uses  a  directly 

o 

modulated,  3  milliwatt,  helium-neon  laser  (6328  A)  as  the  light  source. 
Typically,  laser  range  finders  use  an  intensity  modulated  laser 
source.  The  light  is  transmitted  through  the  optical  system  to  the  re- 
flectors at  the  source  site.  The  signal  is  then  received  back  through 
the  optical  system  to  a  mulitplier.  The  phase  difference  between  the 
outgoing  modulated  transmission  and  the  received  modulated  transmission 
provides  the  distance  information.  Atmospheric  calibration  is  provided 
through  pressure  and  temperature  inputs.  Since  the  observers  were  not 
precisely  located  at  the  same  observation  point,  the  accuracy  of  the- 
distance  measurement  was  not  limited  by  the  distance  measuring  equipment 
but  by  the  uncertainty  of  the  observer  position.  The  source  distance 
then  was  accurate  to  within  5  feet. 
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